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Allozyme electrophoresis and restriction fragment length polymorphism (RFLP) analyses were used to
examine the genetic diversity of a collection of 18 Rhizobium kguminosarum bv. trifolii, 1 R. kguminosarum bv.
viciae, and 2 R. meliloti strains. Ailozyme analysis at 28 loci revealed 16 electrophoretic types. The mean genetic
distance between electrophoretic types of R. leguminosarum and R. meliloti was 0.83. Within R. keguminosa-
rum, the single strain of bv. viciae differed at an average of 0.65 from strains of bv. trifolii, while
electrophoretic types of bv. trifolil differed at a range of 0.23 to 0.62. Analysis of RFLPs around two
chromosomal DNA probes also delineated 16 unique RFLP patterns and yielded genetic diversity similar to that
revealed by the allozyme data. Analysis of RFLPs around three Sym (symbiotic) plasmid-derived probes
demonstrated that the Sym plasmids reflect genetic divergence similar to that of their bacterial hosts. i2hE large
genetic distances between many strains precluded reliable estimates of their genetic relationships.

Phenotypic characters, such as intrinsic antibiotic resis-
tance (1, 22), bacteriophage sensitivity (5, 24), and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (10, 29) patterns, are used frequently to characterize
strains within naturally occurring populations of Rhizobium
spp. However, these methods have significant limitations.
The ability to discriminate unequivocally between isolates of
Rhizobium spp. by using intrinsic antibiotic resistance and
phage sensitivity is limited by the number of antibiotics or
phage types utilized. The subjective comparison of complex
patterns of proteins makes definitive identification of closely
related strains by the SDS-PAGE technique difficult (29).
The problem is compounded by the fact that variation
detected by these techniques may be due to genes encoded
on endogenous plasmids (e.g., antibiotic resistance deter-
mined by IncP-1 plasmids such as RP4 [7]). These plasmids
may not be host specific (i.e., broad-host-range plasmids
such as IncP-1 plasmids [42]), and therefore the variations
may bear no relationships to those found among bacterial
genomes. Furthermore, in the absence of analyses, the
genetic relationships and diversity of strains of naturally
occurring populations remain unresolved.
Allozyme electrophoresis has proven to be a powerful tool

in genetic studies of a wide range of eukaryotic organisms
(32), and although the technique has been used less widely in
prokaryotes, a number of reports have verified its applica-
bility to a range of studies with bacteria. In particular,
allozyme data have proven valuable for characterizing
strains in epidemiological studies (12), ecological studies (6),
population structure (39), and systematics (37). With the
exceptions of the recent studies of Pinero et al. (31) and
Eardly et al. (11), most studies on Rhizobium strains (13, 14,
18, 27, 28, 45, 46) have been based on the examination of a
limited number of loci, which has precluded a reliable
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estimate of genetic relationships among the strains exam-
ined.

Restriction fragment length polymorphism (RFLP) analy-
sis detects mutations or rearrangements in the genome which
alter the distribution of specific restriction endonuclease
recognition sites within defined regions of the genome.
Increasingly, RFLPs are being used to study the genetic
structure of higher organisms. Analysis of RFLPs has been
applied to human (3) and plant (19) genetics, but has only
recently been used in genetic studies of phytopathogenic
bacteria (9, 15, 23). Recently, RFLP analysis has demon-
strated the diversity ofSym (symbiotic) plasmid types within
naturally occurring populations of Rhizobium leguminosa-
rum (8, 35, 47).

In this study of 18 R. leguminosarum bv. trifolii strains of
diverse geographic origin, 1 strain of R. leguminosarum bv.
viciae, and 2 strains of R. meliloti, we used the techniques of
allozyme electrophoresis and RFLP analysis to (i) find
genetic markers useful to characterize strains; (ii) examine
the level of genetic diversity of both bacterial strains and
their Sym plasmids, and (iii) estimate the genetic relation-
ships among strains.

MATERIALS AND METHODS

Bacterial strains. The strains of Rhizobium spp. used in
this study are listed in Table 1. R. leguminosarum bv. trifolii
SU489 (a less effective variant of strain TAl [16]) and
SU410, a colony type variant, are reisolates of TAl and
TA2, respectively.

Allozyme electrophoresis. Each strain was grown in 50 ml
of GM broth (10). The bacterial culture was harvested by
centrifugation at 5,000 x g for 10 min, resuspended in 1 ml of
0.15 M phosphate buffer (pH 7.0), and transferred to sterile
microcentrifuge tubes. The cell suspension was centrifuged
for 2 min, and the supernatant was discarded. The cell pellet
was resuspended in 0.5 ml of lysis buffer (100 mg of NADP
and 500 ,ul of 2-mercaptoethanol liter-') and sonicated in
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TABLE 1. Strains of Rhizobium spp. and plasmids

Strain or plasmid Host plant or relevant characteristics Origin or source

R. leguminosarum bv. trifolii
CC2480a Trifolium subterraneum L. Greece
CC2480c Trifolium subterraneum L. Greece
CC2238b Trifolium subterraneum L. Israel
CC2247d Trifolium subterraneum L. Israel
WU95 Trifolium subterraneum L. W.A., Australia
WA67 Trifolium subterraneum L. W.A., Australia
NA30 Trifolium subterraneum L. New South Wales, Australia
NN10 Trifolium subterraneum L. New South Wales, Austraila
CCio Trifolium subterraneum L. Victoria, Australia
TAi Trifolium subterraneum L. Tasmania, Australia
TA2 Trifolium subterraneum L. Tasmania, Australia
SU410 Laboratory reisolate of TAl
SU489 Laboratory reisolate of TA2
CC275e T. repens Tasmania, Australia
US2007 T. repens Sweden
Ti Unknown United States
SU298 Unknown Australia
CC235 Unknown Unknown

R. leguminosarum bv. viciae
TA101 Pisum sativum Tasmania, Australia

R. meliloti
CC169 Medicago rugosa S.A., Australia
NA39 Unknown United States

Plasmid
pRtlO13 1-kb PstI-XhoI fragment carrying an R. leguminosarum bv. trifolii reit- This study

erated chromosomal DNA sequence from pRt654 (35) subcloned into
pUC18

pIM178 pLAFR1 cosmid containing ca. 25 kb of chromosomal DNA from J. A. Downie (9a)
R. leguminosarum bv. viciae

pRt722 Two tandemly repeated BamHI-linked, ca. 250-bp ClaI-AvaI nifHDK This study
promoter (RtRS1) fragments from R. leguminosarum bv. trifolii
ANU843 (43) cloned into pUC18

pRt585 6.5-kb HindIII restriction fragment carrying the nifHDK operon of 34
R. leguminosarum bv. trifolii ANU843 cloned into pBR328

pRtS87 14-kb HindlIl restriction fragment carrying the clover-specific nodula- 36
tion genes of R. leguminosarum bv. trifolii ANU843 cloned into
pBR328

three 5-s bursts while being kept chilled in an ice-water bath.
The extracts were then centrifuged for 5 min at 2,000 x g to
remove cellular debris, and small (ca. 5 ,ul) aliquots were

transferred into 20-pd disposable glass pipettes. The end of
each tube was sealed, and the tubes were stored at -20°C.

Soluble enzyme extracts of each strain were separated by
electrophoresis on cellulose-acetate gels (Cellogel; Cheme-
tron) and stained for specific enzyme activities as described
in detail by Richardson et al. (32) and Selander et al. (37). Of
the 44 enzymes initially examined, 28 loci stained with
sufficient intensity and resolution for reliable and reproduc-
ible interpretation. The 28 enzymes are listed in Table 2.
RFLP analysis. Small-scale preparations of total bacterial

DNA were obtained by growing each strain in 5 ml of TY
medium (2) for 3 days at 28°C on an orbital shaker. The cells
from 1.5 ml of each culture were pelleted in a microcentri-
fuge tube for 2 min, the supernatant was decanted, and the
cell pellet was resuspended in 300 RI of TE buffer (10 mM
Tris [pH 8.0], 1 mM EDTA). Sixteen microliters of 25%
(wt/vol) SDS and 65 ,u of pronase in TE (10 mg/ml) were

added to each cell suspension; the tubes were thoroughly
mixed by inverting and incubated at 37°C for 30 min.
Thirty-five microliters of 5 M NaCl was added to each

suspension, and the tubes were mixed as above and incu-
bated at 65°C for a further 30 min. Each sample was then
extracted three times with phenol-chloroform-isoamyl alco-
hol (50:48:2), equilibrated with 100 mM Tris-500 mM NaCl
(pH 8.0), and extracted once with chloroform-isoamyl alco-
hol (49:1). The DNA was precipitated by adding 1 volume of
cold isopropanol (-20°C) and collected by centrifugation for
15 min in a microcentrifuge. The resulting DNA pellet was
washed twice with 70% ethanol and once with 95% ethanol
and then allowed to air dry. The dried DNA was dissolved in
100 ,ul of TE by heating at 65°C for 2 h. This procedure
routinely yielded 100 to 300 ng of DNA pul` that was
sufficiently pure to be digested with restriction enzymes.
Samples (5 to 8 ,ug) of DNA were digested completely (12

to 16 h) with HindIII restriction endonuclease (10 to 15 U),
electrophoresed on a 1% (wt/vol) agarose (SeaKem; FMC
Corp.) gel in TAE buffer (40 mM Tris [pH 7.8], 20 mM
sodium acetate, 2 mM EDTA), and transferred to nylon
membranes (Hybond-N; Amersham Corp.) as described
previously (34). 32P-labelled DNA probes were prepared by
random priming (44). Five DNA probes were used in this
study: two cloned chromosomal DNA fragments, pRti013
and pIM178; and three cloned DNA fragments from the Sym
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TABLE 2. Allelic profiles at 28 enzyme loci for 16 ETs represented by 13 strains of R. leguminosarum bv. trifolii, 1 strain
of R. leguminosarum bv. viciae, and 2 strains of R. meliloti

Alleles at indicated enzyme loci"
Strain ET

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

R. leguminosarum bv. trifolii
Ti 1 c c c a a d c a e d f b a b d d d d b a e b d a d b b b
CC2480ab 2 d c c a d d d a e d f b a c d d d c e a b c i a c b b b
TAlC 3 f c c a c d c a f b b b a c e e d c c a b d i a g a b b
SU298 4 e a c b b d b a e e c b a a d d d c a a e d d a f b b _d
WU95 5 a b c b d d c a d d e b c b c e b e h a f i e a c b b b
NA30 6 a b b b d d c c d d e b b b b d b e h a f h c a e b b b
CC10 7 e b b b d d d a d d e c b b c d a e h a d g f a c b a b
CC235 8 b c c b d d c a d d i a b b c d d a h a a g j a c a b b
CC275e 9 c c c b d d c a c d i a b b c c b b d a b g h a c c b b
US2007 10 c d c b b d c a e d g a b b c d d b i a a g i a c c b b
CC2238be 11 f c c c b d c a d d i a b b b e b e d a d e h a d b b b
NN10 12 g c c c a d c a d d fif'b b b b e d e cj b - f h a --- b
WA67 13 g c c d a d c a d d h b b b b e d c e b c f g b e b b b

R. leguminosarum bv. viciae
TA101 14 d d c a a a c a f c f b b d d d b e g c d c j a b b b b

R. meliloti
CC169 15 h b a b b b a b a a a b d d a a c e f d - a b c a - b b
NA39 16 e-aa a c 6 a b 6 U b c b c 6 6 c c a - a a c a d b a

No. of alleles per locus 9 5 3 4 4 4 4 3 6 5 9 3 4 4 5 5 4 5 10 4 6 9 10 3 7 4 2 2

a The following 28 enzymes were assayed for: 1, triose-phosphate isomerase; 2, glucose phosphate isomerase; 3, pyruvate kinase; 4, isocitrate dehydrogenase;
5, phosphoglycerate kinase; 6, malate dehydrogenase; 7, phosphoglucomutase; 8. glyceraldehyde 3-phosphate dehydrogenase; 9, adenylate kinase; 10,
6-phosphogluconate dehydrogenase; 11, fumarate hydratase; 12, superoxide dismutase; 13, phosphoglyceromutase; 14, peptidase C; 15, xanthine dehydrogenase;
16, alkaline phosphatase; 17, glutathione reductase; 18, peptidase B; 19. hexokinase; 20, enolase: 21, aspartate aminotransferase; 22, leucine-amino peptidase;
23, guanine deaminase; 24, UDP-glucose pyrophosphorylase; 25, adenosine deaminase; 26, leucine dehydrogenase; 27, alanine dehydrogenase; 28, uridine
monophosphate kinase.

b The same allelic profile was observed for CC2480c.
'The same allelic profile was observed for TA2, SU410, and SU489.
d_, no enzyme activity was detected.
e The same allelic profile was observed for CC2247d.
f Two alleles were recorded for this locus.
9 The underlined alleles designate alleles unique to R. meliloti; i.e., they were not observed for any R. leguminosarum strains.

plasmid of R. leguminosarum bv. trifolii ANU843, namely,
pRt722, pRt585, and pRt587 (Table 1). The Southern blots
were prehybridized in Southern buffer (41) for >1 h at 65°C
and then hybridized for at least 16 h at 65°C in the same
buffer in the presence of the 32P-labelled DNA probe. The
Southern blots were washed briefly with 2 x SSC (1 x SSC is
0.03 M sodium citrate plus 0.3 M NaCl) at room temperature
and twice with 2x SSC at 65°C and then exposed to Kodak
X-ray film at -70°C, using an intensifying screen. DNA
probes were removed from the Southern blots by washing
them three times (20 min each time) in an initially hot (100°C)
solution of 0.1% (wt/vol) SDS.
Data analyses. The allelic profile of each strain, for the 28

enzyme loci, was compared with that of each other strain. A
matrix of the genetic distance between strains was calculated
as the percentage of mismatched alleles at all loci, and
cluster analysis was performed by the Unweighted Pair
Group Method with Averages (UPGMA) (40). Genetic diver-
sity per locus was calculated as h = 1 - Yxi , where x, is
equal to the frequency of the ih allele at the locus. The mean
genetic diversity is equal to the arithmetic mean of the
genetic diversities of all loci (37).
A similar approach was used to analyze the RFLP results.

The pRt1O13 and pIM178 RFLP pattern of each strain was
compared with that of each other strain. The number of
strongly hybridizing corresponding fragments was recorded.
A matrix of distances was computed on the basis of the

equation D = 1 - [2n_,,I(n. + ny)], where D equals the
percentage of mismatched fragments between strains x and y
and nxr. equals the total number of strongly hybridizing
fragments of strains x and y, respectively (9). Cluster anal-
ysis was done by UPGMA.

RESULTS

Allozyme analysis. All 28 enzyme loci were polymorphic
for the strains examined; the number of alleles per locus
ranged from 2 (alanine dehydrogenase and uridine mono-
phosphate kinase) to 10 (hexokinase and guanine deaminase)
(Table 2). The average number of alleles per locus was 5.5.
The mean genetic diversity per enzyme locus estimated from
the total sample of Rhizobium strains was 0.58. Unexpect-
edly, additional alleles were observed for R. leguminosarum
bv. trifolii NN10 at two loci, fumarate hydratase and hexo-
kinase. Among the 21 strains of Rhizobium spp. character-
ized by allozyme electrophoresis, 16 different electropho-
retic types (ETs) were identified (Table 2). More than one
strain was observed for each of three ETs: CC2480a and
CC2480c were observed for ET 2; TAl and TA2 and their
respective laboratory reisolates, SU489 and SU410, were

observed for ET 3; and CC2238b and CC2247d were ob-
served for ET 11.

Figure 1 summarizes estimates of the genetic divergence
among the 21 strains of Rhizobium spp. The two species, R.
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Average Genetic Distance
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FIG. 1. Genetic relationships among the 16 ETs for 13 strains of
R. leguminosarum bv. trifolii, 1 strain of R. leguminosarum bv.
viciae (TA101) and 2 strains of R. meliloti (CC169 and NA39) based
on allelic profiles at 28 loci. See Table 2 for the strains with the same
allelic profile.

leguminosarum and R. meliloti, were clearly differentiated at
an average genetic distance of 0.83. The two biovars, R.
leguminosarum bv. trifolii and viciae, clustered at 0.65. All
of the R. leguminosarum bv. trifolii strains were grouped in
a large cluster within which there were further subclusters.
The genetic distances between ETs of R. leguminosarum bv.
trifolii strains ranged from a minimum of 0.23 to a maximum
of 0.62.
RFLP analysis. Southern blots of HindlIl-digested, total

genomic DNAs were probed sequentially with two cloned
fragments, pRtlO13 and pIM178, of chromosomal DNA and
three cloned DNA fragments, RtRS (pRt722), nod (pRt587),
and nif (pRt585) gene probes, from the Sym plasmid of R.
leguminosarum bv. trifolii ANU843 (Table 1).

(i) Chromosomal probes. Plasmid pRtlO13 carries a reiter-
ated sequence of DNA subcloned from the recombinant
plasmid pRt654 (35). Hybridization analysis with the cloned
fragment from pRtlO13 revealed 10 different hybridization
patterns each consisting of between two and five strongly
hybridizing restriction fragments (Fig. 2). A similarly sized,

to
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FIG. 2. Distribution of hybridizing restriction fragments de-
tected by the two chromosomal DNA probes. Values on the left
indicate the relative positions of size standards (in kilobases) de-
rived by HindlIl digestion of bacteriophage lambda c1857 DNA.
'CC2480a and CC2480c hybridization profiles were identical. 2TA1,
TA2, SU410, and SU489 hybridization profiles were identical.
3CC2238b and CC2247d hybridization profiles were identical.
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FIG. 3. Genetic relationships among 16 strains of Rhizobium
spp.; 13 strains of R. leguminosarum bv. trifolii, 1 strain of R.
leguminosarum bv. viciae (TA101), and 2 strains of R. meliloti
(NA39 and CC169). The phenogram was constructed from the
combined results of RFLP analyses around the two chromosomal
DNA probes, pRt1Ol3 and pIM178. See the legend to Fig. 2 for
strains with the same hybridization profiles.

hybridizing restriction fragment of approximately 7.0 kb was
observed in 13 of the 19 R. leguminosarum strains. Other
variously sized restriction fragments were shared by one or
more strains of R. leguminosarum. However, only 1 of the 6
hybridizing restriction fragments from the two R. meliloti
strains was similar in size to 1 of the 11 such fragments
observed among the R. leguminosarum strains. Strains of
the same ET exhibited identical hybridization profiles. In
four instances, strains of different ETs also exhibited very
similar hybridization profiles (e.g., NA30 and CC10, NA30
and WU95, NN10 and WA67, and CC235 and US2007).
The same Southern blots were probed with the cosmid

pIM178. Between three and six restriction fragments hybrid-
ized strongly with pIM178 (Fig. 2). A single hybridizing
restriction fragment of ca. 4.2 kb was observed in 17 of the
19 R. leguminosarum strains. With pIM178 as the chromo-
somal probe, 14 RFLP patterns were observed. Again,
strains of the same ET and, in two cases, strains of different
ETs (WU95 and NA30, NN10 and WA67) exhibited identical
hybridization profiles. The two R. meliloti strains hybridized
weakly with pIM178, and only 1 of the 6 observed hybrid-
izing fragments was similar in size to 1 of the 18 such
fragments observed among the R. leguminosarum strains.
An RFLP distance matrix was computed from the DNA

hybridization analyses (see Materials and Methods) and used
to construct a phenogram, using UPGMA (Fig. 3). This
analysis clearly differentiated between R. leguminosarum
and R. meliloti; these two species differed at an average of
0.98. The R. leguminosarum strains formed a large diverse
cluster within which there were many subclusters. The
genetic distances between these strains ranged from 0 to a
maximum of 0.85.

(ii) Symbiotic plasmid probes. The Sym plasmid of each
strain was characterized by Southern blot hybridization
analysis, using three cloned DNA fragments as probes: RtRS
(pRt722), nod (pRt587), and nif (pRt585) gene probes (Table
1). Southern blots probed with RtRS revealed unique hybrid-
ization patterns for the 13 R. leguminosarum bv. trifolii
strains, made up of between 1 and 10 hybridizing restriction
fragments (Fig. 4). Only strains of R. leguminosarum bv.
trifolii hybridized with RtRS under stringent experimental
conditions, confirming the specificity of this probe (43). In
contrast to the majority of R. leguminosarum bv. trifolii
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FIG. 4. Hybridization patterns of 13 strains of R. leguminosarum
bv. trifoiji, 1 strain of R. leguminosarum by. viciae, and 2 strains of
R. meliloti probed with a set of three Sym plasmid-specific (RtRS,
nif, and nod) DNA probes. Values on the left indicate the relative
positions of size standards (in kilobases) derived by Hindlll diges-
tion of bacteriophage lambda c1875 DNA. 1'2 'See the legend to Fig.
2 for strains with the same hybridization patterns. The pRt722
(RtRS) type is named after the pre-eminent strain.

strains, which possessed five or six hybridizing restric-
tion fragments, strains CC2480a, CC2480c, CC2238b, and
CC2247d, the only isolates examined from the Mediterra-
nean region, exhibited a single, similarly sized (ca. 4.5 kb),
hybridizing restriction fragment. Strains TAl and TA2 and
their respective derivatives, SU489 and SU410, exhibited
identical RtRS hybridization profiles.
The hybridization patterns to the nif and nod gene probes

are also illustrated in Fig. 4. Among the R. leguminosarum
by. trifolii strains, there were 6 nif and 12 nod hybridization
patterns. nif hybridization patterns B and D were the most
frequently observed. Only one nod hybridization pattern, L,
was observed for more than one strain of R. leguminosarum
by. trifolii. The nif and nod hybridization patterns of R.
leguminosarum by. viciae TA101 and the two R. meliloti
strains were unlike any of the R. leguminosarum by. trifolii
hybridization patterns.

DISCUSSION

Allozyme electrophoresis has been used extensively to
study genetic relationships in a wide range of eukaryotic
organisms (32), but the technique has been applied to rela-
tively few bacterial studies (37). Furthermore, with the
exceptions of the studies of Pinero et al. (31) and Eardly et
al. (11), the reported electrophoretic studies on Rhizobium
species have been based on only a few enzyme loci. How-
ever, these studies have shown that numerous allelic vari-
ants exist for those loci examined (13, 14, 18, 27, 28, 45, 46).
In this study, we examined 44 different enzyme loci, of
which 28 loci provided staining of sufficient intensity and
resolution for reliable genetic interpretation. All 28 enzyme
loci were polymorphic and were, therefore, potentially use-
ful for distinguishing between, and determining the genetic
relationships among, the 21 Rhizobium strains examined.

Cluster analysis of the allozyme results revealed large
genetic diversity among the strains of a single biovar, by.
trifolii (Fig. 1). This result was corroborated by cluster
analysis of the RFLP data (Fig. 3). These results confirm an
earlier conclusion, drawn from DNA-DNA homology anal-

yses, that strains of R. leguminosarum bv. trifolii appear to
belong to a genetically diverse group (20). Large genetic
diversities within other cross-inoculation groups of Rhizo-
bium spp. have been reported. Pinero et al. (31) examined 51
strains of R. leguminosarum bv. phaseoli isolated from a
number of host plants including Desmodium sp. (wild tick
clover) and Leucaena leucocephala (huaje). Among the
collection of strains examined, some pairs of strains had no
alleles in common. On the basis of their results, they
concluded that R. leguminosarum bv. phaseoli may be a
polyphylogetic group of isolates representing as many as
seven different species. Eardly et al. (11) analyzed 232
strains of R. meliloti isolated from two perennial species of
Medicago. Among these strains, there were two deeply
divergent lineages clustering at a genetic distance of 0.83;
they concluded that these two lineages represent different
species. Large genetic diversity has been observed among
strains of the soilborne bacteria Pseudomonas syringae (9)
and Clavibacter michiganese (33).
Although the allozyme and RFLP data concur in showing

that strains of Rhizobium spp. used in this study are genet-
ically diverse, inspection of the phenograms show that the
data from both methods were, not surprisingly, not in
complete agreement in estimating genetic relationships
among strains. However, the two approaches showed that (i)
the two R. meliloti strains were different in many character-
istics from the R. leguminosarum bv. trifolii strains, consis-
tent with the recent taxonomic reappraisal of Rhizobium
(21); (ii) the four pairs showing a low genetic difference by
allozyme analysis (Fig. 1) also showed low genetic distance
by analysis of hybridization profiles (Fig. 3); and (iii) strains
of the same ET had the same hybridization profiles for both
chromosomal and Sym plasmid probes. For the remaining
relationships there was general agreement that these occur at
large average genetic distances. Because of the large genetic
distances involved between many of the strains used in this
study, it would be inappropriate use of our data to resolve
relationships between these strains (25). It should also be
emphasized that the phenograms presented in Fig. 1 and 3
are not meant to imply phylogetic relationships, but are

simply diagrammatic representations of the data.
RFLPs around the RtRS, nif, and nod gene probes pro-

vided useful genetic markers to characterize the Sym plas-
mid of R. leguminosarum bv. trifolii. These markers can
facilitate studies of the ecology of Sym plasmids in nature.
By relating Sym plasmid types with the host strain chromo-
somal type, it has been argued that Sym plasmids are
transferred between strains in nature (35, 47). Species-
specific, Sym plasmid-located probes could be obtained from
other Rhizobium species and applied to the study of the
ecology of their Sym plasmids.
An alternative approach to analyzing RFLPs around spe-

cific DNA probes is to examine the restriction pattern of the
DNA after electrophoresis and staining with ethidium bro-
mide (4, 17, 26). Although this method is very simple and
does not require radioactive probes, there are several disad-
vantages. First, like protein pattern profiles, the restriction
patterns can be very complex, which generally makes it very
difficult to distinguish between closely related strains unless
there are marked differences in their banding patterns.
Second, without plasmid-specific DNA hybridization probes,
it would not be possible to detect and characterize plasmid-
linked sequences. The combination of these two factors
would make it impossible to establish the relationship be-
tween the diversity of chromosome and Sym plasmid types
by using RFLP analysis as demonstrated in this study.
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It is highly improbable that two isolates would evolution-
arily converge to the same ET over 28 loci. Therefore,
strains of the same ET and hybridization profile can be
regarded as clones of each other (38, 39). Thus, CC2480a and
CC2480c, which were isolated from different plants growing
in the same pasture (4a), are members of the same clone.
Likewise, CC2238b and CC2247d, which were isolated from
sites approximately 60 km apart (4a), are members of an-

other clone. The RFLPs around the chromosomal probes
and the three Sym plasmid probes support these conclu-
sions. Young and Wexler (47) drew similar conclusions
about apparently identical genotypes of R. leguminosarum
bv. viciae isolated approximately 25 km apart. These results
indicate that genetically related strains may be widely dis-
tributed. Widespread occurrences of the same genotypes of
Escherichia coli have been reported (30). It appears that
particular genotypes of R. leguminosarum bv. trifolii may

also have widespread distributions.
In conclusion, the results of this study support the general

view that allozyme electrophoretic and RFLP analyses are

powerful techniques for discriminating between isolates of
agriculturally significant bacteria (9, 13, 15, 23, 28, 33). The
results presented here illustrate the ability of either tech-
nique to differentiate clearly between strains as well as to
assess the genetic diversity among these strains. We are

using the same techniques used in this study to examine the
genetic diversity of, and incidence of genetic exchange of
Sym plasmids between, naturally occurring nodule isolates
of R. leguminosarum bv. trifolii.
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